Since November 2002, case reports of a life-threatening, highly contagious, febrile respiratory illness of unknown etiology from Guangdong Province in southern China have been followed by case reports from Vietnam, Hong Kong, Singapore, Canada, and the United States \[[@ref1]\]. In late February 2003, this illness was identified as a new clinical entity called "severe acute respiratory syndrome," or "SARS" \[[@ref10]\]. The ready transmissibility of SARS has led to outbreaks not only among household members and health care workers but also within the community at large \[[@ref1], [@ref3], [@ref14], [@ref15]\]. Reports have indicated that a SARS-associated coronavirus (SARSCoV) or a human metapneumovirus (hMPV) might be responsible for SARS \[[@ref16]\]. One recent study has indicated that SARS-CoV fulfils all of Koch\'s postulates for the primary etiological agent for SARS \[[@ref21]\].

By activating host humoral immunity, viral infections trigger production of antibodies directed against viral protein epitopes. Knowledge of viral protein epitopes is pivotal in understanding the pathogenesis of viral infections and in developing diagnostic reagents and effective vaccines. Phage display has been used to identify immunogenic targets or epitopes recognized by antibodies. Selection of peptide libraries on monoclonal antibodies \[[@ref22], [@ref23]\] and in complex serum from patients with disease \[[@ref24], [@ref25]\] has led to the isolation of immunoreactive peptide epitopes. Disease-specific epitopes that are useful for the development of diagnostic or preventive reagents have been identified by screening of phage-displayed peptide libraries in serum or cerebrospinal fluid samples from patients with viral infections \[[@ref24], [@ref25]\], rheumatoid arthritis \[[@ref26]\], multiple sclerosis \[[@ref27]\], autoimmune thrombocytopenic purpura \[[@ref28], [@ref29]\], and neurocysticercosis \[[@ref30]\].

To identify peptides corresponding to or mimicking natural epitopes, we applied phage-display technology to the characterization of specific antibodies present in serum samples from patients with SARS. Results of this study will contribute to the development of a sensitive, simple test for diagnosis of SARS and will help in the investigation of the pathogenesis of SARS.

Materials and Methods
=====================

***Patient serum samples.*** From 8 March to 3 May 2003, 7 patients with illnesses that met the Centers for Disease Control and Prevention (CDC) case definition (1 May 2003) of probable SARS \[[@ref31] \] were identified and treated at the National Taiwan University Hospital (NTUH) in Taipei. Serum samples from the 7 patients were sent to the hospital\'s Department of Laboratory Medicine for routine serologic and biochemical analysis. The laboratory diagnostic test, clinical manifestations of illness, and treatment of these patients have been described in detail in our recently published report \[[@ref31] \]. Serum samples were collected from patients with SARS and were tested by use of the following methods \[[@ref31] \]: virus isolation in Vero E6 cells (American Type Culture Collection), serotype-specific reversetranscriptase (RT) polymerase chain reaction (PCR) \[[@ref16] \], and a standard indirect fluorescent antibody (IFA) assay for the detection of antibody to SARS-CoV \[[@ref19] \]. All 7 patients with SARS were positive for SARS RNA by RT-PCR, and 6 of them were positive for SARS antibody by IFA assay (patient SP7 was seronegative) \[[@ref31] \]. Although the patients had received ribavirin, corticosteroid, and intravenous immunoglobulin treatment during the early stage of the disease, the antibody was detected by IFA assay as early as 10--12 days after onset of illness \[[@ref31] \]. Written informed consent was obtained from all volunteers. The study was approved by the ethics committee of the College of Medicine, National Taiwan University (Taipei), and the human experimentation guidelines of the US Department of Health and Human Services were followed in the conduct of this research.

***Affinity selection of phages, by biopanning.*** Protein G magnetic microbeads (Dynabeads protein G; Dynal) were used to purify IgG from serum samples from patients with SARS. To enhance selection of peptides binding to IgG specifically associated with patients with SARS, we designed a preclearing step to remove nonspecific clones by preabsorption of the phage-displayed 12-mer peptide library (4×10^10^ phage particles; New England BioLabs) onto purified IgG from normal serum pooled from 5 control subjects (SARS-CoV seronegative by IFA assay) who were blood donors. Next, the precleared phage library was selected onto IgG purified from the serum of patients with SARS. Affinity selection on immobilized IgG from the serum of patients with SARS, for 1 h at 4°C, was used for screening. Unbound phage particles were removed, and magnetic beads were washed extensively with PBST~0.5~ (PBS plus 0.5% \[wt/vol\] Tween-20). Bound phage particles were eluted with glycine buffer (pH 2.2), neutralized with Tris buffer (pH 9.1), and amplified for subsequent rounds of selection. Three rounds of selection were performed for each patient. The biopanning protocol for the second and third rounds was identical to that of the first round, with the addition of 2×10^11^ pfu of phage particles for biopanning. Titration of unamplified third-round phage eluate was done on Luria broth/isopropyl *β*-[D]{.smallcaps}-thiogalactoside/5- bromo-4-chloro-3-indolyl-*β*-[D]{.smallcaps}-galactoside plates (Falcon; Becton Dickinson). Remaining eluate was stored at 4°C.

***Identification of immunopositive phage clones, by ELISA.*** The ELISA plate was coated with 10 *µ*g/mL purified anti- human IgG capture antibodies (Jackson ImmunoResearch Labs) in 0.1 mol/L NaHCO~3~ (pH 8.6), at room temperature for 2 h, and was blocked with PBSB (1% bovine serum albumin in PBS), at 4°C overnight. Serially diluted phage particles were added to plates coated with serum antibodies from patient SP1 and were incubated at room temperature for 1 h. The plate was washed 6 times with PBST~0.5~ , and a 5000-fold dilution of horseradish peroxidase (HRP)-conjugated anti-M13 antibody (Pharmacia product no. 27-9411-01) was added. The plate was incubated at room temperature for 1 h, with agitation, and was washed 6 times with PBST~0.5~ . Color was subsequently developed in the dark, with o-phenylenediamine dihydrochloride (Sigma) and hydrogen peroxide. The reaction was stopped with 3 N HCl, and absorbance was measured, at 490 nm, by use of an ELISA reader (Versa Max Tunable Microplate Reader; Molecular Devices). Immunopositive phage clones were further characterized by DNA sequencing, according to our method described elsewhere \[[@ref22] \].

***DNA sequencing and computer analysis.*** DNA sequences of purified phage clones were determined according to the dideoxynucleotide chain-termination method, by using an automated DNA sequencer (ABI PRISM 377; Perkin-Elmer). The primer used for phage DNA sequencing was 5\'-CCCTCATAG TTAGCGTAA-3\'. This primer is located in the antisense strand of gene III of the M13 phage and is separated from the inserted DNA by 96 nt. Inserted oligonucleotide sequences of phage DNA were selected and translated to peptide sequences. Peptide sequences were aligned by using MacDNASIS software (Hitachi Software Engineering). We aligned phage-displayed peptide sequences and the published protein sequences of several viruses, including 3 SARS-CoVs, dengue virus (DEN-1-4), Japanese encephalitis virus, hMPV, human rhinovirus type 14, human enterovirus type 71, respiratory syncytial virus, and influenza A virus, which were retrieved from GenBank (accession nos. NC004718, AY278554, AY278741, M87512, M20558, M93130, M14931, U14163, NC_004148, K02121, Q66478, NC_001803, and NC_004518∼004525, respectively).

***Antibody competitive-inhibition assay.*** For the competitive- inhibition assay, 109 immunopositive phage particles were incubated with individual peptide antigens or with control peptide before being transferred to the antibody-coated plate and incubated for 1 h. The plates were incubated with HRP-conjugated anti-M13 antibody, and the procedures described above were followed.

***Detection of serum samples from patients with SARS, by use of immunopositive phage clones.*** The ELISA plates were coated with 10 *µ*g/mL purified anti-human IgM or anti-human IgG capture antibodies (Jackson ImmunoResearch Labs), were blocked with PBSB, and then were incubated with the tested serum samples, diluted 1:100, at room temperature for 1 h. We added 10^9^ immunopositive phage particles to the antibodycoated plates; the plates were washed 6 times with PBST~0.5~ , and the procedures described above were followed.

***Detection of serum samples from patients with SARS, by use of epitope-based synthetic peptides.*** The ELISA plates were coated with 10 *µ*g/mL individual peptide antigens, at 50 *µ*L/well, and were incubated at 4°C for 6 h. After being washed with PBST~0.1~ (PBS plus 0.1% \[wt/vol\] Tween-20), the plates were blocked with PBSB, at 4°C overnight, and then were incubated with the tested serum samples, diluted 1:100, at room temperature for 1 h. HRP-conjugated, goat anti-human IgG (Jackson ImmunoResearch Labs), diluted 1:20,000, was added to the microtiter plates, following the procedures described above.

Results
=======

***Screening of serum samples, with the phage-displayed peptide library.*** Patient SP1, the first documented case patient with SARS in Taiwan, developed a febrile illness and was admitted to NTUH on 8 March 2003. During the patient\'s convalescence, serum samples were collected on 8 April 2003, to study diseasespecific epitopes of SARS. Selection of immunopositive phage clones by SARS-specific serum antibodies was done by immobilization on protein G magnetic beads; the bound phage clones were selected after biopanning. To enhance selection of peptides binding to IgG specifically associated with patients with SARS, we designed a preclearing and selection procedure (see Materials and Methods). The strategy for identification of SARS-specific epitopes is shown in [figure 1*A*](#fig1){ref-type="fig"}. A marked enrichment (log~10~ scale) of as much as 14,000-fold followed the third round of selection, compared with the first round of selection ([figure 1*B*](#fig1){ref-type="fig"}). Individual phage clones from the third round of biopanning were randomly selected. ELISA was performed to determine whether antibodies present in serum samples from patient SP1 were specifically recognized by selected phage clones derived from biopanning. Of 72 selected phage clones, 49 had significant enhancement of binding activity to SARS-specific serum antibodies ([figure 2*A*](#fig2){ref-type="fig"}). These clones did not bind to normal human serum ([figure 2*B*](#fig2){ref-type="fig"}).

![Phage-displayed peptide-library screening of serum samples from patients with severe acute respiratory syndrome (SARS). *A*, Illustration of principle of selection of the SARS-specific epitopes used in this study. The phage-displayed peptide library was precleared by use of normal human serum and by affinity selection with serum antibodies (Abs) from patients with SARS. After biopanning 3 times, immunopositive phage clones were selected by ELISA. Disease-specific epitopes were further identified and characterized by synthetic peptide binding and competitive-inhibition assay. Phage-displayed disease-specific epitopes can be used to determine microbiologic origins, to study immunotyping, and to provide information for the development of diagnostic reagents and vaccines. *B*, Selection of a phage-displayed peptide library on immunoglobulins purified from serum samples from patient SP1. After the third round of biopanning, marked enrichment (up to 14,000-fold) was evident, compared with the first round of selection. Ag, antigen; pfu, plaque-forming units.](190-4-797-fig001){#fig1}

![Identification of serum antibody-selected phage clones, by ELISA, in serum samples from a patient with severe acute respiratory syndrome (SP1). A phage-displayed random peptide library was screened with serum antibodies from patient SP1. After 3 screening rounds, 49 phage clones from 72 selected phage clones were significantly reactive to antibodies in serum samples from patient SP1 *(A)* but not to samples of normal human serum *(B)*. OD~490~ , optical density at 490 nm.](190-4-797-fig002){#fig2}

***Identification of SARS-specific B cell epitopes.*** Forty-nine immunopositive phage clones (SP1-1, −3--5, −7--9, −12--14, −16, −18--20, −24--26, −28--32, −34--36, −38--40, −42, −43, −45--54, −57, −58, −60, −61, −64--66, −69, and −72) that were highly reactive with SARS-specific serum antibodies and less reactive with antibodies in normal serum were amplified, and phage DNA was isolated for sequencing. Inserted nucleotides of selected phage clones were sequenced, and all contained 36 nt (translated into 12 aa residues) ([table 1](#fig8){ref-type="fig"}). Peptide sequences were aligned by use of MacDNASIS software, to analyze epitopes and binding motifs of SARS antibodies. From 49 immunopositive clones, we obtained 4 binding motifs ([table 1](#fig8){ref-type="fig"}).

![Alignment of phage-displayed peptide sequences selected by serum antibodies from a patient with severe acute respiratory syndrome (patient SP1).](190-4-797-tab001){#fig8}

Alignment of phage-displayed peptide sequences with the complete genome of several viruses, described in Materials and Methods, showed that 2 binding motifs were highly conserved in many immunopositive phage clones and that they corresponded exactly to amino acid residues of SARS-CoV ([table 2](#fig9){ref-type="fig"}). One binding motif was a residue of 3 aa, proline (Pro \[P\])- Pro-asparagine (Asn \[N\]), that was exhibited in all 16 immunopositive phage clones and only corresponded to amino acid residues 1184-1186 (PPN) of the CDS2 gene of SARS-CoV ([table 2](#fig9){ref-type="fig"}). The other binding motif was a residue of 5 aa, valine (Val \[V\])-lysine (Lys \[K\])-isoleucine (Ile \[I\])-X-Asn (N), that was highly conserved in 16 immunopositive phage clones and only corresponded to amino acid residues 18-22 (VKIDN) of the CDS4 gene of SARS-CoV ([table 2](#fig9){ref-type="fig"}). The peptide sequences of 2 immunopositive phage clones, SP1-32 and -50 (ISPYNTIVAKLR; [table 1](#fig8){ref-type="fig"}), were similar to amino acid residues 375-- 386 of CDS4 in hMPV (LSPLGALVACYK; consensus sequences are indicated by boldface type).

![Alignment of phage-displayed peptide sequences with complete genome of severe acute respiratory syndrome-associated coronavirus (SARS-CoV).](190-4-797-tab002){#fig9}

To prove that selected phage clones bound specifically to serum from patients with SARS, antibodies from 1 patient with SARS (SP1) and from 2 healthy control subjects were incubated in a 3-fold serial dilution of immunopositive phage clone SP1- 1. SP1-1 bound serum from patients with SARS specifically and dose dependently. Two control serum samples did not react with SP1-1 ([figure 3*A*](#fig3){ref-type="fig"}). For further confirmation that selected phage clones specifically bound serum from patients with SARS, 8 immunopositive phage clones (SP1--1, −8, −29, −30, −32, −39, −54, and −72) were incubated with serum samples from 4 patients with SARS and with serum samples from 4 healthy control subjects. ELISA indicated that all immunopositive phage clones had high antibody specificity to the SP1 phage clones ([figure 3*B*](#fig3){ref-type="fig"}). Three phage clones (SP1-1, −8, and −29) were highly reactive with serum samples from the 4 patients with SARS. None of these phage clones reacted with serum samples from the 4 healthy control subjects ([figure 3*B*](#fig3){ref-type="fig"}).

![Specific reactivity of selected phage clones with serum antibodies from patients with severe acute respiratory syndrome (SARS). A, Serum antibodies from patient SP1 and from 2 healthy control subjects were incubated with a 3-fold serial dilution, from 10^10^ to 1.69×10^5^ pfu, of selected phage clone SP1-1 (1, 10^10^ pfu; 2, 3.33×10^9^ pfu; 3, 1.11×10^9^ pfu; 4, 3.70×10^8^ pfu; 5, 1.23×10^8^ pfu; 6, 4.11×10^7^ pfu; 7, 1.37×10^7^ pfu; 8, 4.57×10^6^ pfu; 9, 1.52×10^6^ pfu; 10, 5.08×10^5^ pfu; 11, 1.69×10^5^ pfu; and 12, 0 pfu). SP1-1 reacted specifically with serum antibodies from patient SP1 but not with serum antibodies from the 2 control subjects. *B*, Analysis of serum from 4 patients with SARS (SP1--SP4) and of normal serum from 4 healthy subjects (NHS1-NHS4). Serum samples were incubated with 1×10^9^ pfu of immunopositive phage clones (SP1-1, −8, −29, −30, −32, −39, −54, and −72). Immunopositive phage clones SP1-1, −8, and −29 were highly reactive to serum from patients with SARS but not to serum from the healthy subjects. OD~49~0 , optical density at 490 nm.](190-4-797-fig003){#fig3}

***Characterization of SARS-specific B cell epitopes.*** To verify that peptide sequences identified by phage display were recognized by SARS-specific serum antibodies, we performed synthetic peptide-binding assays. Phage-displayed peptides were synthesized in multiple-antigen peptide (MAP) form, because ELISA sensitivity for an 8-chain MAP is greater than that for a singlechain peptide \[[@ref22], [@ref32]\]. As shown in figure 4A, synthetic peptides MSP1-1 (VKIPQHMHPLPI), MSP1-20 (VKPPNPRPTMSLW), and SP3M (VKIDNASPAS), which corresponded to immunopositive phage clones SP1-1 and SP1-20 and amino acid residues 18---27 of CDS4 of SARS-CoV, bound antibodies in a concentration-dependent manner. The unrelated control MAP P7M-M1 (SLHNTMPSES) \[[@ref33]\] was not reactive.

To further confirm that the phage-displayed peptide was the epitope of SARS-specific serum antibodies, a peptide competitive- inhibition assay was performed to determine whether the synthetic peptide MSP1-1 and the selected phage clone SP1-1 competed for the same antibody-binding site. Binding activity of SARS-specific serum antibodies with phage clone SP1-1 was inhibited by the synthetic peptide MSP1-1 in a dosedependent manner. The arbitrary control peptide P7M-M1 (SLHNTMPSES) had no effect on the ability of the phage particles to bind SARS-specific serum antibodies ([figure 4*B*](#fig4){ref-type="fig"}). One microgram per milliliter of peptide MSP1-1 inhibited 92.4% of the phage-clone binding to SARS-specific serum antibodies. Binding of the other phage clone, SP1-20, to SARS-specific serum antibodies also was inhibited by the synthetic peptide MSP1-20 in a dose-dependent manner. One microgram per milliliter of peptide MSP1-20 inhibited 92.7% of phage-clone binding to SARS-specific serum antibodies ([figure 4*D*](#fig4){ref-type="fig"}).

![*A*, Binding of synthetic peptides with serum antibodies from a patient with severe acute respiratory syndrome (SP1). Epitope-based synthetic peptides MSP1-1, MSP1-20, and SP3M reacted specifically and dose dependently with serum antibodies from patient SP1. Control peptide P7M-M1 was not reactive with serum antibodies from patient SP1. *B-D*, Competitive inhibition of phage clones binding to serum antibodies from patient SP1, by use of synthetic peptides. *B*, Binding of phage clone SP1-1 inhibited by peptide MSP1-1. C, Binding of phage clone SP1-1 inhibited by peptide SP3M. *D*, Binding of phage clone SP1-20 inhibited by peptide MSP1-20. Control peptide P7M-M1 had no effect in any of the 3 assays. Error bars indicate SDs. OD~490~ , optical density at 490 nm.](190-4-797-fig004){#fig4}

The synthetic peptide SP3M (VKIDNASPAS), which corresponded to amino acid residues 18--27 of CDS4 of SARS-CoV, bound antibody in a concentration-dependent manner ([figure 4*A*](#fig4){ref-type="fig"}). For further confirmation that phage-displayed peptides were epitopes of SARS-specific serum antibodies, a peptide competitive- inhibition assay was conducted to determine whether the SP3M peptide and phage clone SP1-1 competed for the same antibody-binding site. Our results indicated that the binding activity of SARS-specific serum antibodies with phage clone SP1- 1 was inhibited by SP3M in a dose-dependent manner. One microgram per milliliter of peptide SP3M inhibited 83.8% of phage-clone binding to SARS-specific serum antibodies, whereas the arbitrary control peptide P7M-M1 (SLHNTMPSES) had no effect ([figure 4*C*](#fig4){ref-type="fig"}).

To confirm that epitope-based synthetic peptides generated antibodies against SARS-CoV, we immunized BALB/c mice with peptides MSP1-1 and SP3M. Serum samples from both MSP1-1- and SP3M-immunized mice were found, by ELISA, to generate antibodies against the corresponding peptide antigens ([figure 5*A*](#fig5){ref-type="fig"}). Four of 5 MSP1-1-immunized mice (MSP1-1 MS-1--3 and −5) and 2 SP3M-immunized mice (SP3M MS- 1 and −2) were found, by IFA assay, to generate antibodies that recognized SARS-CoV-infected Vero E6 cells (antibody titers from ⩾1:20 to Δ1:40) ([figure 5](#fig5){ref-type="fig"}). Peptides MSP1-1 and SP3M competitively inhibited antibodies binding to SARS-CoV ([figure 5*B*](#fig5){ref-type="fig"}, *panelsB* and *F*, respectively), but unrelated control peptide P7M-M1 (SLHNTMPSES) had no such effect ([figure 5*B*](#fig5){ref-type="fig"}, *panels C* and *G*). Normal mouse serum was not reactive ([figure 5*B*](#fig5){ref-type="fig"}, *panel D*).

![Phage-displayed epitopes immunogenic to severe acute respiratory syndrome-associated coronavirus (SARS-CoV). Vero E6 cells were infected with SARS-CoV and immunostained with antibodies against epitope-based synthetic peptides. Reactivity between peptide antigens and SARSCoV in serum samples from 5 mice immunized with peptide MSP1-1 (MSP1-1 MS-1-5) and 2 mice immunized with peptide SP3M (SP3M MS-1 and -2) was assayed by ELISA *(A)* and indirect fluorescent antibody (IFA) assay *(B)*. SARS-CoV-infected cells were detected in serum samples from MSP1- 1-immunized mouse MS-1 *(B*, top row, panel *A)* and SP3M-immunized mouse MS-2 *(B, bottom row, panel E)* (20-fold dilution). The reactivity of antibodies with SARS-CoV was inhibited by 100 mg/mL of peptides MSP1-1 *(B, panel B)* and SP3M *(B, panel F)*; 100 mg/mL of control peptide P7MM1 had no effect *(B, panels C* and *G*). Normal mouse serum (NMS; 5-fold dilution; *B, panel D*) did not react with SARS-CoV-infected cells. OD~490~ , optical density at 490 nm.](190-4-797-fig005){#fig5}

***Detection of serum samples from patients with SARS, using epitope-based peptide antigens.*** We evaluated whether epitope- based peptide antigens in immunopositive phage clones or synthetic peptides could be used as diagnostic reagents for the detection of serum samples from patients with SARS. Between 8 March and 8 May 2003, we collected serum samples from 7 patients with illnesses that met the CDC case definition of probable SARS, to test the detection efficacy of the peptide antigens. During the patients\' convalescence, serum samples were obtained \<18 days after disease onset. For patients SP1- SP7, serum samples were obtained 42, 33, 30, 30, 25, 24, and 19 days, respectively, after onset of illness. To diagnose SARS, we tested these serum samples with phage clone SP1-1, using IgM- or IgG-capture ELISA.

Results indicated that, for samples from patients SP1-SP6, detection was positive by IgM-capture ELISA ([figure 6*A*](#fig6){ref-type="fig"}) and that, for samples from patients SP1-SP5 and SP7, detection was positive by IgG-capture ELISA ([figure 6*B*](#fig6){ref-type="fig"}). None of 22 healthy control subjects was detected as having SARS ([figure 6*A*](#fig6){ref-type="fig"} and [6*B*](#fig6){ref-type="fig"}). Mean optical density plus 3× SD (0.108 + 0.186, measured at 490 nm) was used to determine the cutoff value (0.294) for IgM-capture ELISA. The sensitivity of this serologic test was 85.7%. Mean optical density plus 3× SD (0.069+0.079, measured at 490 nm) was used to determine the cutoff value (0.148) for IgG-capture ELISA. The sensitivity of this serologic test was 85.7%. If we combined the results of IgM- and IgGcapture ELISAs, samples from all 7 patients would be detected, and sensitivity would increase to 100% ([figure 6*A*](#fig6){ref-type="fig"} and [6*B*](#fig6){ref-type="fig"}). In contrast, all serum samples obtained from the 22 healthy control subjects were seronegative ([figure 6*A*](#fig6){ref-type="fig"} and [6*B*](#fig6){ref-type="fig"}). The specificity of this test was 100% for healthy control subjects.

![ELISA reactivity of phage clone SP1-1 and synthetic peptide SP3M with serum samples from patients with severe acute respiratory syndrome (SARS) vs. samples of normal human serum (NHS) from healthy control subjects. A, Serum IgM was captured by anti-human IgM antibodies and was incubated with 1×10^9^ pfu of phage clone SP1-1. In patient samples, IgM against SP1-1 was further detected as described in Materials and Methods. The cutoff value was calculated as 0.294 *(horizontal line)*. *B*, Serum IgG was captured by anti-human IgG antibodies and was incubated with 1×10^9^ pfu of phage clone SP1-1. In patient samples, IgG against SP1-1 was further detected as described in Materials and Methods. The cutoff value was calculated as 0.148 *(horizontal line)*. *C*, Detection of SARS-specific serum antibodies by synthetic peptide SP3M. In patient samples, IgG was further detected as described in Materials and Methods. The cutoff value was calculated as 0.139 *(horizontal line)*. OD~490~ , optical density at 490 nm.](190-4-797-fig006){#fig6}

To test the reactivity of serum antibodies from patients with SARS, we used epitope-based synthetic peptide SP3M, which contains 10 aa residues in CDS4 of SARS-CoV. SP3M detected samples from all 7 patients with SARS, by ELISA ([figure 6*C*](#fig6){ref-type="fig"}). In contrast, all serum samples obtained from the 22 healthy control subjects were seronegative. Mean optical density + 3 (0.035 + 0.104, measured at 490 nm) was used to determine the cutoff value (0.139). Sensitivity and specificity were both 100% when we used epitope-based synthetic peptide SP3M for this serologic test ([figure 6*C*](#fig6){ref-type="fig"}).

***Kinetics of antibody response to SARS viral infection.*** We further analyzed antibody-response kinetics, by using ELISA, in 2 patients (SP1 and SP4) who had higher SARS-CoV-specific antibody titers. In patient SP1, IgM antibodies appeared on day 13 after disease onset, and levels peaked on day 17 ([figure 7*A*](#fig7){ref-type="fig"}). IgG antibody titers were not detected until day 17 after disease onset, and levels increased exponentially until day 27 ([figure 7*C*](#fig7){ref-type="fig"}). The kinetics of the IgA antibody response was similar to that for IgG: IgA antibody titers were not detected until day 17 after disease onset, and levels increased exponentially until day 27 ([figure 7*E*](#fig7){ref-type="fig"}). In patient SP4, IgM antibodies were not detected until day 11 after disease onset, and levels peaked on day 19 ([figure 7*B*](#fig7){ref-type="fig"}). IgG antibody titers were not detected until day 19 after disease onset, and levels increased exponentially until day 26 ([figure 7*D*](#fig7){ref-type="fig"}). In patient SP4, levels of IgA antibody titers increased exponentially from onset of the disease until day 26 ([figure 7*E*](#fig7){ref-type="fig"}). The kinetics of antibody response also were studied in 2 patients (SP2 and SP3) who had lower SARS-CoV-specific antibody titers ([figure 7*G*](#fig7){ref-type="fig"} and [7*H*](#fig7){ref-type="fig"}). Patient SP2 tested seronegative for IgM at day 8 after the onset of symptoms ([figure 7*G*](#fig7){ref-type="fig"}), and patient SP3 tested seronegative for IgM and IgG at days 10 and 14, respectively, after the onset of disease ([figure 7*H*](#fig7){ref-type="fig"}).

![Kinetics of antibody response to a severe acute respiratory syndrome (SARS) viral infection. Kinetics of IgM, IgG, and IgA responses in patients with SARS were analyzed with phage clone SP1-1. IgM *(A* and *B)*, IgG *(C* and *D)*, and IgA *(E* and *F)* responses in patients SP1 and SP4 were measured by using phage clone SP1-1, as described in Materials and Methods. IgM and IgG responses of 2 additional patients with SARS, SP2 *(G)* and SP3 *(H)*, were also measured by using phage clone SP1-1, as described in Materials and Methods. Control phage clones did not react with serum samples from the patients with SARS. To study the kinetics of antibody response, we used phage clone SP1-1 but not synthetic peptide SP3M, because the background of ELISA increased when we used synthetic peptides as antigens for the detection of human IgM. OD~490~ , optical density at 490 nm.](190-4-797-fig007){#fig7}

Discussion
==========

Identification of viral B cell epitopes is important in understanding virus-antibody interactions at a molecular level and provides information for the development of virus-specific serologic diagnostic reagents and subunit vaccines. This is the first study to characterize serotype-specific B cell epitopes of SARS-CoV, using the phage-display method. Selected phage-displayed peptide sequences had 2 consensus motifs, Pro-Pro-Asn and Val-Lys-Ile- X-Asn, which corresponded to amino acid residues 1184--1186 of CDS2 (PPN) and 18--22 of CDS4 (VKIDN) in SARS-CoV, respectively. Results of synthetic peptide-binding and competitive- inhibition assays further confirmed that patients with SARS generated antibodies against SARS-CoV. We also detected antibodies in serum samples from patients with SARS by using phage-displayed and epitope-based peptide antigens.

Tissue culture, electron microscopy, IFA tests, and PCR amplification of specific genomic sequences and of the complete genome of SARS-CoV have provided evidence of novel coronavirus infection in patients with SARS \[[@ref8], [@ref16], [@ref34]\]. Using phagedisplay methods, we found B cell epitopes in the antibody response of patients with SARS that corresponded to SARS-CoV, further confirming the microbiologic origin of SARS. While studying the alignment of phage-displayed peptide sequences and the published protein sequences of several viruses (described in Materials and Methods), 16 immunopositive phage clones displayed a consensus motif of PPN, which only corresponded to amino acid residues 1184--1186 of CDS2 of SARSCoV ([table 2](#fig9){ref-type="fig"}). The gene product of CDS2 (GenBank accession no. AAP30029) of SARS-CoV is an orfla polyprotein containing 4382 aa residues. Another 16 immunopositive phage clones displayed the consensus motif VKIXN, which only corresponded to amino acid residues 18--22 of CDS4 of SARS-CoV ([table 2](#fig9){ref-type="fig"}). The gene product of CDS4 (GenBank accession no. P59632) of SARS-CoV is a hypothetical transmembrane protein containing 274 aa residues.

We also found the peptide sequences of 2 immunopositive phage clones, SP1-32 and -50 (**ISPYNTIVAKLR**; [table 8](#fig8){ref-type="fig"}), to be similar to amino acid residues 375--386 of CDS4 in hMPV (**LSPLGALVACYK**; consensus sequences are indicated by boldface type). The serum samples from all 7 patients with SARS were detected by use of ELISA with phage clone SP1-1, but only the serum samples from patient SP1 were detected by phage clone SP1-32 ([figures 3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"}; data not shown). These findings suggest that SARS is caused by SARS-CoV. We also cannot exclude the possibility that hMPV infection may have exacerbated the disease in some of the patients with SARS. Correlations between SARS and hMPV infection need further investigation. We also compared phage-displayed peptide sequences with those from reference viruses representing each species in the 3 groups of coronaviruses \[[@ref34]\], but no similarity was found.

Serum samples from patients with SARS were accurately detected only by use of ELISA with phage clone SP1-1 and synthetic peptide SP3M ([figure 6](#fig6){ref-type="fig"}). Sensitivity for IgM- or IgG-capture ELISA alone was 85.7%; however, when IgM- and IgGcapture ELISAs were combined, serum samples from all 7 patients with SARS were detected, and sensitivity increased to 100%. Using the same serologic test, we found that serum samples from all 22 healthy adults were seronegative, yielding a specificity of 100% for healthy control subjects ([figure 6*A*](#fig6){ref-type="fig"} and [6*B*](#fig6){ref-type="fig"}. Epitopebased synthetic peptide SP3M, corresponding to amino acid residues 18--27 of CDS4 in SARS-CoV, detected serum samples from all 7 patients with SARS, by ELISA, and was nonreactive with serum samples from all 22 healthy adults ([figure 6*C*](#fig6){ref-type="fig"}). Sensitivity and specificity were both 100% when we used the 2 methods for this serologic test. For all 7 patients with SARS and the 22 healthy adults, a blinded analysis also was done by ELISA. Serum samples from all 7 patients with SARS were detected, and the 22 healthy adults were found to be seronegative, further confirming the efficacy of this means of detecting the disease (data not shown).

In our study of antibody-response kinetics in patients with SARS, antibodies were detectable at 13--18 days after onset of disease ([figure 7](#fig7){ref-type="fig"}). IgM was not found earlier than days 8, 10, and 11 after onset of symptoms in patients SP2, SP3, and SP4, respectively ([figure 7*B*](#fig7){ref-type="fig"}, [7*G*](#fig7){ref-type="fig"}, and [7*H*](#fig7){ref-type="fig"}). During acute SARS-CoV infection, IgM antibodies did not appear until days 8--11, and levels peaked on days 17--19 after onset of disease. IgG antibody titers were detectable only by days 17--19 and continued to increase exponentially until days 26 and 27 ([figure 7](#fig7){ref-type="fig"}). Delayed induction of IgM and IgG responses to SARS needs further investigation. To some extent, this delay may explain the severity of SARS-CoV infections.

The experimental approach described in this study identifies peptides that react with disease-specific antibodies. We isolated the B cell epitope of SARS-CoV and confirmed that the Pro- Pro-Asn and Val-Lys-Ile-X-Asn motifs were crucial for peptide antigen-antibody binding. From the study of antibody kinetics ([figure 7](#fig7){ref-type="fig"}), we found that the peptides were able to detect patient serum samples during the convalescent phase of SARS but not during the acute phase. Peptide-binding and competitive-inhibition assay showed that synthetic peptide SP3M corresponded to amino acid residues 18--27 of CDS4 of SARS-CoV, further confirming that patients with SARS generated antibodies against SARS-CoV ([figure 4](#fig4){ref-type="fig"}). To further confirm that epitope-based synthetic peptides generated antibodies against SARS-CoV, we generated antibodies against peptides MSP1-1 and SP3M. Both MSP1-1- and SP3M-immunized serum samples were found, by IFA, to generate antibodies that recognized SARS-CoV-infected Vero E6 cells ([figure 5](#fig5){ref-type="fig"}), further proving that the phage-displayed epitope was immunogenic to SARS-CoV. We also studied the neutralizing activity of these antibodies (using 100 TCID~50~ of SARS-CoV). The neutralizing activity of patient SP1 antiserum was ⩾1:60. No notable neutralization of SARS-CoV was observed in MSP1-1- and SP3M-immunized mouse serum samples. Identification of neutralizing epitopes by using spike protein- purified antibodies is currently being investigated.

Our findings also indicate that B cell epitopes of these antibodies are linear. Typically, B cell epitopes identified by this method have an easily recognizable consensus sequence, often corresponding to the peptide sequence found in the natural antigen \[[@ref22]\]. These epitopes can be used to study microbiologic origins, to develop epitope-based diagnostic reagents and immunogens against viral infection, and to dissect the antibody response in SARS. The phage itself is an excellent immunogen. Immunization of mice with phage particles elicits a T cell-dependent response against the phage-displayed epitope \[[@ref35], [@ref36]\] and antibodies against the antigen \[[@ref23], [@ref24]\]. Development of a SARS vaccine consisting of a cocktail of phage-displayed neutralizing epitopes may be possible.

To date, we have analyzed results for 7 patients with illnesses that met the CDC case definition of probable SARS, and we have studied serum samples obtained from convalescing patients \>18 days after onset of disease. Further investigation regarding the applicability of this serologic test to human serum samples is in progress with more cases of SARS. Specifically, we are evaluating the percentage of subclinical or mild infections and the relationship between antibody response and disease severity.

Serologic diagnostic reagents for SARS that are highly sensitive, specific, and convenient need to be developed.We found that using synthetic peptides for SARS diagnosis was relatively simple. Because selected phage clones and epitope-based peptide antigens in our study were highly specific for serum from patients with SARS, we feel that they may be useful not only in developing diagnostic and prognostic reagents but also in understanding the pathogenesis of SARS.
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